This paper presents the spectral complex index of refraction of biofuel producing photosynthetic microalgae between 400 and 750 nm. They were retrieved from their experimentally measured average absorption and scattering cross-sections. The microalgae were treated as homogeneous polydisperse spheres with equivalent diameter such that their surface area was identical to that of their actual spheroidal shape. An inverse method was developed combining Lorentz-Mie theory as the forward method and genetic algorithm. The unicellular green algae Chlamydomonas reinhardtii strain CC125 and its truncated chlorophyll antenna transformants tla1, tlaX, and tla1-CW þ as well as Botryococcus braunii, Chlorella sp., and Chlorococcum littorale were investigated. These species were selected for their ability to produce either hydrogen gas or lipids for liquid fuel production. Their retrieved real and imaginary parts of the complex index of refraction were continuous functions of wavelength with absorption peaks corresponding to those of in vivo Chlorophylls a and b. The T-matrix method was also found to accurately predict the experimental measurements by treating the microalgae as axisymmetric spheroids with the experimentally measured major and minor diameter distributions and the retrieved spectral complex index of refraction. Finally, pigment mass fractions were also estimated from the retrieved absorption index. The method and/or the reported optical properties can be used in various applications from ocean remote sensing, carbon cycle study, as well as photobiological carbon dioxide mitigation and biofuel production.
Introduction
Photobiological carbon dioxide (CO 2 ) fixation and biofuel production have received major academic and industrial interest in recent years due to rising concerns over global warming, fossil fuel cost, as well as energy security. The technology consists of providing CO 2 and sunlight to selected species of microorganisms grown in photobioreactors. These microorganisms, in turn, grow and may produce (i) gases such as methane and hydrogen or (ii) lipids which can be converted to liquid fuels, depending on the species and growth conditions. Solar radiation is the energy source driving the metabolic activity of photosynthetic microorganisms. As light penetrates into the photobioreactor, it is absorbed and scattered by the microorganisms. Light transfer in photobioreactors is governed by the radiative transfer equation (RTE). The latter is an energy balance on the radiative energy traveling along a particular directionŝ. The absorption and scattering coefficients of microalgae along with the scattering phase function are major parameters needed to solve the RTE for simulating, designing, scaling-up, optimizing, and controlling photobioreactors [1] .
Contents lists available at SciVerse ScienceDirect journal homepage: www.elsevier.com/locate/jqsrt These characteristics are strongly dependent on wavelength and vary from one species to another. They can be determined either experimentally [2, 3] or based on electromagnetic wave theory [4] . This latter approach often assumes that the scatterers have relatively simple shape (e.g., spherical) and ignore their heterogeneous nature by attributing them a uniform effective complex index of refraction [5, 6] . Pottier et al. [4] recognized that for complex microorganisms shapes (e.g., cylinders and spheroids), advanced numerical tools are required to predict their absorption and scattering coefficients and scattering phase function collectively called radiation characteristics. On the other hand, experimental measurements account for the actual shape, morphology, and size distribution of the microorganisms. However, experimental setups can be expensive and measurements are time consuming.
In order to design, optimize, and operate photobioreactors for CO 2 fixation and biofuel production, it would be convenient to have the ability to predict the radiation characteristics of microalgae from first principles instead of carrying out costly and time consuming experiments. If the effective spectral real and imaginary parts of the complex index of refraction as well as the microorganisms shape and size distribution are known to within an acceptable level of uncertainties, the absorption and scattering coefficients can be predicted by Lorentz-Mie theory [7] , if the microalgae are spherical, or by the T-matrix method [8] , if the particles have more complex shapes.
The present study aims to retrieve the spectral real part (or refraction index) and imaginary part (absorption index) of the complex index of refraction of microalgae from experimentally measured size distribution as well as absorption and scattering cross-sections [3, 9] . The green algae Chlamydomonas reinhardtii strain CC125 and its truncated chlorophyll antenna transformants tla1, tlaX, and tla1-CW þ [3] as well as Botryococcus braunii, Chlorella sp., and Chlorococcum littorale [9] were considered in this study. Finally, the results were used to retrieve the microalgae pigment concentrations and gain insight into their composition.
Background

Microbial light harvesting pigments
Photosynthesis begins with the absorption of photons by the photosynthetic apparatus which consists of three major components (i) the reaction center, (ii) the core antenna, and (iii) the peripheral antenna. Photochemical charge separation and electron transport take place in the reaction center [10] . The core antenna contains the photosynthetic pigments chlorophylls or bacteriochlorophylls. It is surrounded by the peripheral antenna which is an assembly of chlorophylls, bacteriochlorophylls, and other accessory pigments such as carotenoids and phycobiliproteins. The peripheral antenna is particularly important in channeling additional photon energy to the reaction center at small light intensities. In microalgae and cyanobacteria, the photosynthetic apparatus is located on the photosynthetic membrane called thylakoid [11] . Different pigment molecules absorb over different spectral bands of the visible and near infrared parts of the spectrum enabling more efficient utilization of solar energy. Fig. 1 shows the in vivo specific absorption coefficient Ea (in m 2 /mg) of primary pigments chlorophylls a, b, and c as well as accessory pigments such as photosynthetic carotenoids (PSC), and photoprotective carotenoids (PPC) measured over the spectral region from 400 to 750 nm [12] . It indicates that Chlorophyll a (Chl a) absorbs around 435 and 676 nm while Chlorophyll b (Chl b) absorbs around 475 and 650 nm. Since they do not absorb green light (l % 5202570 nm) significantly, these microalgae appear green to the human eye. On the other hand, carotenoids are accessory pigments found in all photosynthetic microorganisms. They absorb mainly in the blue part of the spectrum (400 nm rl r 550 nm) [10] . Carotenoids serve two major functions (i) shielding the photosynthetic apparatus from photo-oxidation under large light intensities and (ii) increasing the solar light utilization efficiency by expanding the absorption spectrum of the microorganism.
The intracellular pigments such as chlorophylls and carotenoids are typically extracted by using organic solvents which penetrate through the cell membrane and dissolves the lipids to extract pigments [13, 14] . Methanol, acetone, and ethanol are usually used as the organic solvents in the pigments extraction process [15, 16] . Overall, measuring the pigment concentration can be very time consuming and suffers from various and sometimes large experimental uncertainties [13] .
C. reinhardtii contains Chl a and Chl b and photoprotective carotenoids (PPC) [4] . Pottier et al. [4] measured their mass fraction by acetone extraction and optical density measurements as 1.4 wt.%, 0.7 wt.%, and 0.45 wt.%, respectively. Berberoglu et al. [9] measured the mass concentrations (in g/kg of dry weight) of Chl a and Chl b for microalgae C. littorale, B. braunii, and Chlorella sp. using ethanol extraction method [11] . Unfortunately, their /mg) of primary pigments chlorophylls a, b, and c and photosynthetic carotenoids (PSC), and photoprotective carotenoids (PPC) over the spectral region from 400 to 750 nm [12] . measurements do not agree with results from other studies reported in the literature and may be erroneous. First, Belcher [17] reported the ratio of concentrations of Chl a to Chl b in B. braunii as 1.35. Similarly, Tanoi et al. [18] reported the mass fraction of Chl aþb in B. braunii grown under various conditions to be in the range from 0.22 to 0.56 dry wt.%. In addition, Brown [19] reported the mass fraction of Chl a and Chl b in two strains of Chlorella sp. to be in the range from 0.23 to 1.02% and from 0.17 to 0.53%, respectively. The author also found that the concentration of Chl a was consistently larger than the concentration of Chl b in the ratio 1.35 to 2.6. Finally, Hu et al. [20] measured the Chl a and Chl b mass fractions of C. littorale under optimum growth conditions as 1.4% and 0.5%, respectively. These results were further supported by Schnackenberg et al. [21] who reported the ratio of the concentrations of Chl a to Chl b in C. littorale in the range of 1.52-2.08. Note that the microalgae size, composition, and pigment concentrations vary depending on the growth conditions. These variations along with the spectral resolution of the spectrometer and the choice of correlation between pigment concentration and optical densities may contribute to discrepancies.
Radiation characteristics of microalgae
A large body of the literature exists on predicting and measuring the absorption and scattering coefficients and the scattering phase function of microalgal suspension [1, 5, [22] [23] [24] .
Bidigare et al. [12] used a predictive approach to determine the absorption coefficient in various species of phytoplankton. The cell was modeled as a homogeneous particle in which only the pigments in the cell contributed to the absorption coefficient in the photosynthetically active radiation (PAR) region between 400 and 700 nm. Then, the absorption coefficient (in 1/m) was expressed as [25] 
where Ea i (in m 2 /kg) is the in vivo specific spectral absorption coefficient of pigment i (Fig. 1 ) and C i is its mass concentration (in kg/m 3 ). Pottier et al. [4] used a similar approach to predict the spectral absorption coefficient of C. reinhardtii by assuming that the pigments were uniformly distributed within the cell and only Chl a, Chl b, and PPC were present. The authors modified the expression for the absorption coefficient given by Bidigare et al. [12] to express it in terms of pigment mass fractions as
where r dm is the density of dry material in the biomass (in kg/m 3 ), x w is the volume fraction of water in the cell, while w i is the dry mass fraction of pigment i. Moreover, Quirantes and Bernard [26] modeled algal cells as two-layer particles with an inner core and an external coating. The coating was assumed to be nonabsorbing and had a refraction index of 1.36. The inner core was absorbing and featured a larger refraction index than the outer coating. Its value was selected such that the volume-averaged complex index of refraction of the composite particle was equal to that of an equivalent homogeneous scatterer with complex index of refraction of 1.40 þ i0.005, considered to be typical of microbial cells [6, 27, 28] . First, the extinction and absorption efficiency factors of homogeneous spheres and coated spheres were calculated using the Aden-Kerker theory [29] and the modified anomalous diffraction approximation (ADA) [30] , respectively. The heterogeneous geometry of the coated spheres was found to increase the backscattering efficiency by a factor as high as 50 but had negligible effects on the absorption efficiency factor and weak effects on the scattering efficiency factor when compared with those of a homogeneous sphere with the same complex index of refraction. These results were consistent with previous studies using volume-averaged equivalent complex indices of refraction to compare homogeneous and heterogeneous multi-layered spheres [31, 32] . In addition, Quirantes and Bernard [26] considered three different geometries with the same size parameter and equivalent complex refractive index namely (i) off-centered coated spheres, (ii) concentric spheroids, and (iii) concentric spheres. The T-matrix method [33] was used to compute the efficiency factors of the aspherical and non-concentric composite cells. The absorption and scattering efficiency factors showed little dependency on particle shape.
Mishchenko and Travis [34] concluded that particles that were even moderately aspherical could not be approximated as equivalent spheres of diameter d s when calculating their scattering efficiency factors for size parameter w ¼ pn 2 d s =l less than 5-15 where n 2 is the refraction index of the surrounding medium and l is the wavelength of the incident radiation in a vacuum. In fact, the scattering cross-section of spheroids computed using the T-matrix method was found to be up to 30% smaller than that of equivalent spheres with the same crosssectional areas for w % 1. The difference in scattering cross-sections between spheroids and equivalent spheres was found to decrease as the size parameter increases.
Note that in the present study, the size parameters w for the different microalgae were larger than 60. Thus, previous studies confirmed the view that treating microalgae with aspect ratio less than 1.5 as spherical can be applied to infer their optical properties from their measured absorption and scattering coefficients [5, 6, [35] [36] [37] .
Recently, Berberoglu and co-workers [2, 3] experimentally measured the radiation characteristics of several H 2 producing microorganisms namely (a) purple non-sulfur bacteria Rhodobacter sphaeroides [2] , (b) cyanobacteria A. variabilis [2] , and (c) green algae Chlamydomonas reinhardtii strain CC125 and its truncated chlorophyll antenna transformants tla1, tlaX, and tla1-CW þ [3] . The authors also measured the radiation characteristics of the lipid producing microalgae C. littorale, B. braunii, and Chlorella sp. [9] . Except for the purple bacteria R. sphaeroides which absorbs in the near infrared, the absorption coefficients of these microorganisms vanish beyond 750 nm when only scattering contributes to extinction. For example, the wild strain C. reinhardtii CC125 absorbs mainly in the spectral region from 300 to 700 nm with absorption peaks at 435 and 676 nm corresponding to absorption peaks of in vivo chlorophyll a. It also has additional absorption peaks at 475 and 650 nm corresponding to absorption by chlorophyll b. Berberoglu et al. [3] also showed that the genetically engineered strains of C. reinhardtii have less chlorophyll pigments than the wild strain and thus have smaller absorption cross-sections. In particular, the mutant tlaX featured a significant reduction in chlorophyll b concentration. For all mutants, the reduction in their absorption cross-section was accompanied by an increase in their scattering cross-section.
Effective optical properties of microorganisms 2.3.1. Direct experimental measurements
The refraction index n l of microalgae can be measured directly [6, [38] [39] [40] . However, the experimental measurements are complicated by the polydispersion of the microbial particles and by light absorption. On the other hand and to the best of our knowledge, no method has been reported in the literature to directly measure the absorption index k l of microbial particles in suspension.
First, photometric immersion refractometry consists of suspending the cells in a medium of known refraction index and measuring the transmittance T l or the optical density (OD) of the suspension defined as OD l ¼ Àlog T l [41, 42] at a non-absorbing wavelength. For example an aqueous solution of bovine serum albumin (BSA) can be used as the immersion medium as it is not toxic to microorganisms. Solutions with different refraction indices can be prepared by varying the BSA concentration [43] . The OD of the suspension is then measured as a function of BSA concentration. The refraction index of the microbial cells at the wavelength considered is taken as that of the BSA solution corresponding to the minimum OD.
Flow cytometry can also be used to directly measure the refraction index n l of microalgae [39, 40] . Collimated laser radiation is directed at a stream of saline solution containing microbial particles. The latter are assumed to be homogeneous spheres despite their potentially irregular morphologies. The intensities of forward scattered light (typically at an angle of 1-191 with respect to the incident beam direction), side scattered light (54-1261), and chlorophyll fluorescence (660-700 nm) are measured [39] . The system is calibrated using standard suspensions consisting of polydisperse spherical particles of known refraction index such as oil globules and glass beads. For every individual cell, different intensities of the forward and side scattered light are measured depending on their size, shape, and refraction index. The refraction index is found by fitting the experimental measurements and comparing with standards suspensions.
Finally, the abundance of refraction index data for various species of phytoplankton has been used to correlate the refraction index n l to the intracellular carbon concentration in the form [5] 
where n 0,l and n 1,l are constants determined by experimental procedures and C c is the intracellular carbon concentration (in kg/m 3 ). For example, DuRand and Olson [44] reported n 0,l ¼ 1:02 and n 1,l ¼ 0:000117 for Nannochloris sp. at 665 nm. Unfortunately, most of the above methods measured the refraction index at a single wavelength. It then has to be assumed constant over the PAR for spectral calculations of light transfer in the suspension and estimation of the average fluence rate available in PBRs and necessary in growth kinetic models [4, 5, 45, 46] .
Model-based measurements
Despite their heterogeneous morphologies, microalgae have typically been treated as homogeneous with some effective refraction and absorption indices. Stramski and Mobley [24] experimentally measured the size distributions of various marine microbial particles and their spectral radiation characteristics in the PAR region (400-700 nm). The experimental data were used as input to an inverse method developed by Bricaud and Morel [6] to predict the complex refractive index of the particles under the assumptions that the particles were homogeneous and spherical. First, the absorption index was determined based on the anomalous diffraction approximation describing the absorption coefficient as a monotonic function of the absorption thickness parameter defined as p 0 ¼ 4wk l [30, 47] where k l is the absorption index of the particle and w ¼ pd s n 2 =l is the size parameter previously defined. For any given wavelength and particle size distribution, the absorption index was uniquely related to the absorption coefficient. Thus, for a given wavelength, the absorption index k l was varied iteratively until the calculated absorption coefficient matched its experimental value. Calculations were repeated for each wavelength to obtain the spectral absorption index. On the other hand, the refraction index n l was derived through an inverse method described by Stramski et al. [37] . Here, the Lorentz-Mie theory [29] was used instead of the anomalous diffraction approximation. The experimental data and the previously retrieved absorption indices were used as input parameters into the LorentzMie theory code [29] . The refraction index was varied iteratively until the calculated extinction coefficient matched its experimental value. It was found that the measured microbial particles had absorption index ranging between 0 and 0.01 and refraction index between 1.38 and 1.42. The refraction index was found to vary by less than 5% in the PAR region for all microorganism species considered. Pottier et al. [4] adopted a simpler approach to retrieve the refraction and absorption indices of C. reinhardtii. They measured the normal hemispherical transmittance of a suspension of C. reinhardtii at 820 nm where they do not absorb. The corresponding refraction index was found to be 1.527 and assumed to be constant over the PAR. Then, the authors estimated the spectral absorption index k l according to [4] 
where pigment mass fractions w i were estimated experimentally.
Analysis
Microorganisms
The different microalgae species investigated were selected for different reasons. First, C. reinhardtii is one of the best candidates for photobiological hydrogen production as it can produce only H 2 by reversibly shutting down its O 2 production metabolism by sulphur deprivation [48] . They can also be genetically modified with truncated light harvesting chlorophyll antenna. In fact, Polle et al. [49] genetically engineered C. reinhardtii via DNA insertional mutagenesis to obtain the mutant strain tla1 with permanently reduced number of chlorophyll molecules per photosystem, i.e., truncated light harvesting chlorophyll antenna. This strain did not contain cell wall [49] . However, cell walls protect the cells from excessive shear stress such as that observed in photobioreactors for example [49] . Thus, Polle et al. [49] crossed tla1 with a cell wall containing strain and isolated the strain tla1-CW þ showing observable characteristics (phenotype) of tla1 and having a cell wall. In addition, the strain tlaX had even a smaller chlorophyll antenna than tla1. Finally, the authors reported that the microorganisms with less pigments had higher quantum yield, photosynthesis rate, and light saturation irradiance [49] . Moreover, B. braunii grows in freshwater and was chosen for its high lipid content which can be converted into liquid biofuels [50] [51] [52] [53] . On the other hand, Chlorella sp. is a unicellular green algae with high oil content and fast growth rate under large CO 2 concentrations [53] [54] [55] . Finally, C. littorale is also of interest because it is a marine microalgae that can tolerate high CO 2 concentrations and can grow to very large cell density [20, 56] .
Assumptions
In the present study, the different microalgae were assumed to be spherical. This assumption simplifies the calculations of their radiation characteristics by using the Lorentz-Mie theory instead of the T-matrix method. It has been validated by Quirantes and Bernard [26] and its validity for the microalgae of interest will be discussed later. Moreover, despite their heterogeneous structure, microalgae were treated as homogeneous with some effective refraction and absorption indices. Note that n l was treated as wavelength dependent over the PAR, unlike what previous studies have often assumed [4] .
Equivalent diameter and size distribution
The different microalgae were treated as homogeneous spheres with an equivalent diameter such that their surface area was identical to that of their actual spheroidal shape assumed to be axisymmetric [26, 57, 58] . The polar radius of an axisymmetric spheroid in the spherical coordinate system is given by [34] rðyÞ ¼ a 2 sin 2 yþ
where y is the polar angle, while a and b are the major and minor diameters, respectively. The spheroid aspect ratio is defined as E ¼ a=b. Note that E is always greater than 1.0 since a is the major diameter [34] . The equivalent diameter of the sphere having the same surface area as the spheroid is given by [34] d
The denominator on the right-hand side of Eq. (7) is the total cell concentration N T expressed in total number of cells per m 3 of suspension.
Berberoglu et al. [3, 9] reported the size distribution for the minor and major diameters N(a) and N(b) for each C. reinhardtii strain (see Fig. 2 in Ref. [3] ). Their average circularity is defined as c ¼ 4p Â A S =P 2 where A S and P are the cell's surface area and perimeter. 1 The authors used the image analysis software ImageJ [59] to measure their minor and major diameters assuming the cells to be 2D ellipses. Then, the surface area and perimeter of axisymmetric spheroids were calculated as A S ¼ pab=4 and
, respectively. The circularity of C. reinhardtii CC125, tla1, tlaX, and tla1-CW þ was 0.989, 0.996, 0.979, and 0.986, respectively while their average aspect ratio E was 1.149, 1.073, 1.220, and 1.173, respectively. Similarly, the number frequencies for B. braunii, Chlorella sp., and C. littorale were reported in Ref. [9] . Their circularity was equal to 0.961, 0.965, and 0.975 while their average aspect ratio E was 1.333, 1.301, and 1.212, respectively.
Finally, Fig. 2 shows the number frequency f ðd s Þ of the equivalent diameter d s for C. reinhardtii CC125 and its truncated chlorophyll antenna transformants. It was calculated from experimentally measured major and minor diameters using Eq. (6). Similarly, Fig. 3 shows the number frequency f ðd s Þ for B. braunii, Chlorella sp., and C. littorale. Depending on the species, the number of bins was 60 or 70 with d s ranging between 2 and 20 mm.
Prediction of the radiation characteristics of microalgae
The Lorentz-Mie theory predicts the absorption and scattering cross-sections denoted by C abs,l ðd s Þ and C sca,l ðd s Þ (expressed in m 2 ) of an individual spherical cell of diameter d s with complex index of refraction n l þik l submerged in phosphate buffered saline (PBS) solution with refraction index n PBS . Then, the absorption coefficient k l of a microorganism suspension with size distribution 1 Note that the circularity was mistakenly calculated as 4p Â ðA S =PÞ 2 in Ref. [3] and 4p Â A S =P in Ref. [9] . This did not have any consequence on the reported radiation characteristics used here.
Nðd s Þ is expressed as [60] k
Similarly, the effective scattering coefficient of the microorganisms s s,l can be written as [61] s s,l ¼
Here, C abs,l and C sca,l are the average absorption and scattering cross-sections of the microalgae in suspension (in m 2 ), respectively. These average cross-sections can effectively be measured for typically polydisperse microalgae population. In fact, Berberoǧlu et al. [9] measured the average absorption and scattering cross-sections C abs,l and C sca,l for B. braunii, Chlorella sp., and C. littorale. Thus, the predictions from the Lorentz-Mie theory and Eqs. (8) and (9) could be directly compared with experimental data.
Berberoǧlu et al. [3] measured the average mass absorption and scattering cross-sections of C. reinhardtii and its mutants denoted by A abs,l and S sca,l , expressed in m 2 /kg, and defined as
where X is the microorganism concentration expressed in kilogram of dry cell weight per cubic meter of liquid medium. The average absorption and scattering crosssections C abs,l and C sca,l can be calculated from the average mass absorption and scattering cross-sections A abs,l and S sca,l according to [4] C abs,l ¼ A abs,l V 32 r dm ð1Àx w Þ and Fig. 4 shows the schematic diagram of the procedure used to simultaneously retrieve the spectral refraction index n l and the absorption index k l . The Lorentz-Mie theory [7] was employed in the forward model to calculate the spectral average absorption and scattering crosssections C abs,l and C sca,l over the PAR.
Optimization algorithm
Various optimization algorithms can be used to efficiently and simultaneously determine n l and k l . The objective is to find the values of these parameters that minimize the difference between the predicted and experimentally measured absorption and scattering cross-sections of the microalgal suspension in the least-square sense. Genetic algorithm can find a global minimum of an objective function using the concept of evolution theory [63] . A given set of input parameters [e.g., (n l , k l )] is called an individual and each parameter is called a gene. The numerical procedure starts with a randomly generated population consisting of numerous individuals. The objective function (or fitness function) is calculated for each individual of the population and estimates some difference between experimental measurements and model predictions. Individuals with the largest value of the objective function are dismissed. Those with the smallest objective function are selected to form a new population. Breeding of the new generation consists of producing new individuals by recombination and random mutation of the genes of an arbitrary pair of individuals. The fitness function is evaluated for each individual and the procedure is repeated generation after generation until the objective function falls below a given convergence criterion. This method tends to be slow but it is robust and eventually converges to the global minimum [64] .
In the present study, genetic algorithm was implemented using the general purpose function optimization code PIKAIA [65] [66] [67] . Here, the spectral refraction index n l was assumed to range from 1.33 to 1.53 based on the literature [4, 68] . On the other hand, the absorption index k l was allowed to range from 10 À 5 to 0.01. For each wavelength, the objective function d l was defined as
The genetic algorithm used a maximum of 50 generations with population of P¼120 individuals. The convergence criteria was set as d l o 10 À4 .
Experimental uncertainties
Experimentally, the absorption and scattering crosssections for each species were measured for three different microalgae concentrations. The maximum experimental uncertainties, with 95% interval confidence, associated with the absorption and scattering cross-sections were 6%, 8%, 16%, and 6% for C. reinhardtii CC125, tla1, tlaX, and tla1-CW þ , respectively. The maximum uncertainties associated with C abs,l and C sca,l for B. braunii, Chlorella sp., and C. littorale were 21%, 15%, and 15%, respectively. These experimental uncertainties propagated in the retrieved values of n l and k l . Thus, to estimate the uncertainties for n l and k l they were retrieved at wavelengths 435 and 676 nm, corresponding to Chl a absorption peaks, from the cross-sections C abs,l 7 DC abs,l and C sca,l 7DC sca,l where DC abs,l and DC sca,l were equal to two standard deviations.
Results and discussion
Validation: retrieving n l and d s of monodisperse latex particles
Berberoǧlu et al. [3] measured the scattering crosssection, between 400 and 800 nm, of monodisperse polystyrene latex spheres 5 mm in diameter in suspension in PBS solution. They used the same experimental procedure and analysis as that used to measure the radiation characteristics of the different microalgae considered in the present study. For validation purposes, the previously described inverse procedure and associated algorithm were used to retrieve the spectral refraction index as well as the diameter of spherical polystyrene latex particles using the measured scattering cross-section [3] .
First, the absorption index of PBS in the visible was reported to be that of water [69] which is less than 4.0 Â 10 À 8 [70] . The absorption index of polystyrene was reported to be less than 5.0 Â 10 À 3 [71] between 400 and 700 nm. Thus, in the present study, the absorption index of both polystyrene and PBS were taken as k ¼0.0 used as input parameters in the Lorentz-Mie theory. On the other hand, the refraction index of both PBS and polystyrene were modeled by the Cauchy dispersion relation expressed as [72] 
For PBS, the parameters A PBS , B PBS , and C PBS were taken as
À3 mm 2 , and C PBS ¼ 5:0 Â 10 À5 mm 4 when l was expressed in mm [69] . Then, our inverse method simultaneously retrieved the particle diameter d s and the parameters A, B, and C using the objective function [71] indicated that the relative error was less than 1.2% for all wavelengths between 400 and 800 nm. This is in excellent agreement and confirms the validity of the methodology and the proper implementation of the genetic algorithm.
4.2.
Retrieved spectral complex index of refraction of microalgae 4.2.1. C. reinhardtii CC125 and its truncated chlorophyll antenna transformants tla1, tlaX, and tla1-CW þ This section presents the retrieved spectral complex index of refraction of C. reinhardtii CC125 and its truncated chlorophyll antenna transformants tla1, tlaX, and tla1-CW þ . The spectral complex index of refraction was retrieved at 36 different wavelengths uniformly distributed over the spectral region from 400 to 750 nm with 10 nm increments. Fig. 5(a) and (b) shows the retrieved effective refraction and absorption indices of C. reinhardtii CC 125 between 400 and 750 nm, respectively. Here, the microalgae were assumed to be spherical with (i) the major diameter number frequency f(a) and (ii) the minor diameter number frequency f(b), or with (iii) the equivalent diameter number frequency f ðd s Þ shown in Fig. 2 . In all cases, the retrieved value of n l of C. reinhardtii CC 125 was slightly dependent on wavelength but significantly different from the constant value of 1.527 assumed by Pottier et al. [4] . Instead, the retrieved value of n l was around 1.36 which is similar to the refraction index of phytoplanktons reported in the literature [68] . Note that the effective refraction index retrieved by using the major and the minor diameter number frequencies differed from that obtained using the equivalent diameter distribution by less than 0.3% in the wavelength range considered. Moreover, the maximum relative differences between the retrieved absorption index k l using the equivalent diameter d s and that using the major and the minor diameter distributions was 23%. In other words, the retrieved k l was more sensitive to the size distribution than n l . For both n l and k l , the values retrieved using f(a) and f(b) provided the upper and lower bounds for those retrieved using f ðd s Þ, respectively. Fig. 6 (a) and (b) respectively compares the effective refraction and absorption indices for C. reinhardtii CC 125 and its truncated chlorophyll antenna transformants tla1, tlaX, and tla1-CW þ between 400 and 750 nm. Here, n l and k l were retrieved using the equivalent diameter distribution Nðd s Þ. Fig. 6(a) indicates that n l ranged between 1.350 and 1.365 between 400 and 750 nm. Overall, n l varied slightly from one strain to another. On the other hand, Fig. 6(b) clearly shows that the absorption index decreases from CC 125 to tla1-CW þ , tla1, and tlaX corresponding to a reduction in the size of their chlorophyll antenna. A significant decrease in k l was apparent for tlaX at wavelength 475 nm corresponding to a decrease in Chl b concentration caused by genetic engineering. In addition, tla1-CW þ features an absorption index larger than tla1 possibly due to the presence of a cell wall [49] . It is also interesting to note that (i) the retrieved n l and k l were continuous functions of wavelength and that (ii) the absorption peaks of in vivo Chl a at 435 and 676 nm and Chl b at 475 and 650 nm were distinctly apparent. This further provides confidence in the inverse method and the results since both n l and k l were retrieved for each wavelength independently. Finally, Fig. 7 compares the spectral absorption and scattering cross-sections measured experimentally and those predicted by Eq. (8) using the Lorentz-Mie theory and the retrieved value of the optical properties of each C. reinhardtii strains between 400 and 750 nm. It shows excellent agreement at all wavelengths. The average relative and maximum errors between experimental measurements and the predictions between 400 and 700 nm were respectively (i) less than 0.3% and 1.4% for the average absorption cross-section C abs,l and (ii) less than 0.2% and 0.8% for the average scattering crosssection C sca,l for all strains.
B. braunii, Chlorella sp., and C. littorale
This section presents the retrieved effective refraction and absorption indices of B. braunii, Chlorella sp., and C. littorale between 400 and 750 nm. The same procedure and ranges of n l and k l as those previously implemented for C. reinhardtii were used based on the measured average absorption and scattering cross-sections C abs,l and C sca,l [9] . Fig. 8(a) shows the retrieved effective refraction and absorption indices for B. braunii, Chlorella sp., and C. littorale between 400 and 750 nm from the measured absorption and scattering cross-sections. Their refraction index n l varied slightly between 1.345 and 1.36. Fig. 8(a) indicates that C. littorale had the largest refraction index followed by B. braunii and Chlorella sp. This can be attributed to differences in their composition and in particular their carbohydrates and proteins content. Indeed, Aas [73] derived the refraction index of a phytoplankton cells from their metabolite composition by treating them as a ''mixture'' of various constituents. The author reported the refraction index of the major cell constituents including carbohydrates and proteins which have the largest refraction index in the PAR equal to 1.55 and 1.53, respectively. In addition, the dry mass fractions of carbohydrates and proteins were reported to be (a) 25% and 53% for C. littorale [20] , (b) 17% and 32% for Fig. 7 . Comparison of the predicted and experimentally measured [3] average spectral absorption C abs,l and scattering C sca,l cross-sections of the green algae C. reinhardtii CC 125 and its truncated chlorophyll antenna transformants tla1, tlaX, and tla1-CW þ . Experimental data [9] for A abs,l and S sca,l were converted to C abs,l and C sca,l using Eqs. (10) and (11) B. braunii [74] , and (c) 19% and 6% for Chlorella sp. [19] . Assuming that the water volume fraction was similar for all three species, C. littorale feature the largest concentrations of carbohydrates and proteins followed by B. braunii and lastly Chlorella sp. The differences in these reported carbohydrates and proteins mass fractions could explain the differences observed in the retrieved refraction indices of these species. Fig. 8(b) indicates that C. littorale had the largest absorption index k l while B. braunii and Chlorella sp. featured similar absorption indices across the PAR. Here also, k l features absorption peaks at 435, 475, and 676 nm corresponding to the absorption peaks of in vivo Chl a and Chl b. It is interesting to note that the absorption crosssection of B. braunii was larger than those of C. littorale and Chlorella sp. which were similar [9] despite the fact that C. littorale cells were much smaller than B. braunii, and Chlorella sp. However, the dry mass fraction of Chl a þb was (a) 1.9% in C. littorale [20] , (b) 0.22-0.56% in B. braunii [18] , and (c) 0.4-1.41% in Chlorella sp. [19] . This may explain why C. littorale had the largest absorption index k l and B. braunii and Chlorella sp. were found to have similar k l .
Finally, the average relative and maximum errors between experimental measurements and the LorentzMie theory predictions using the reported values for n l and k l were respectively (i) 0.4% and 3% for the absorption cross-sections and (ii) less than 0.5% and 2% for the scattering cross-sections of B. braunii, Chlorella sp., and C. littorale between 400 and 750 nm.
Discussion
Retrieved optical properties
Figs. 6(a) and 8(a) indicate that the refraction index n l of all microorganisms features a small dip around 676 nm corresponding to a peak in k l caused by Chl a absorption. Such a dip was also observed around the same wavelength for various phytoplankton species as illustrated in Figs. 6.14 and 6.20 in Ref. [5] . This can be attributed to oscillator resonance around 676 nm. It can also be predicted by optical constant theory such as the Lorentz model [29] or the Helmholtz-Kettler theory [5] . Figs. 6 and 8 also show the error bars associated with the retrieved values of n l and k l resulting from the error propagation of uncertainties in the measured C abs,l and C sca,l . The relative error corresponding to 95% confidence interval, associated with n l and k l was less than 0.1% and 7%, respectively for all the species considered. The absorption index was more sensitive to the experimental uncertainties than the refraction index. Nevertheless, the error propagation from the experimental measurements of C abs,l and C sca,l to the retrieved complex index of refraction was acceptable.
It is also important to note that the good agreement between measured and predicted cross-sections C abs,l and C sca,l reported for all species (e.g., Fig. 7 ) considered could not be obtained when (i) the refraction index n l of the microalgae was assumed to be constant over the PAR and (ii) k l was retrieved by optimizing the pigment mass fractions w i for Chl a, Chl b, and PPC in Eq. (2) . In other words, despite the fact that n l varies slightly over the PAR, it should not be treated as constant in predicting the microalgae absorption and scattering cross-sections.
Retrieved pigment concentrations of microalgae
The mass fractions of the three pigments Chl a, Chl b, and photoprotective carotenoids (PPC), denoted by w a , w b , and w PPC , were estimated simultaneously from the retrieved absorption index k l for all species considered. The inverse method was also based on genetic algorithm and PIKAIA to minimize the objective function defined as
where k l i ,pred is the absorption index predicted by Eq. (4) as a function of w a , w b , and w PPC . Note that this approach relies on the validity of Eq. (4) and the database of in vivo spectral mass absorption coefficient Ea of various pigments reported in Ref. [12] and shown in Fig. 1 . Fig. 9 compares the absorption index previously retrieved and that predicted by Eq. (4) for C. reinhardtii CC 125 based on the fitted values w a ¼16.50 g/kg, w b ¼9.68 g/kg, and w PPC ¼1.98 g/kg. These values are in the same range as those measured by Pottier et al. [4] as w a ¼14.00 g/kg, w b ¼ 7.00 g/kg, w PPC ¼4.50 g/kg. It also shows the same comparison for C. littorale with the fitted values w a ¼6.83 g/kg, w b ¼4.86 g/kg, and w PPC ¼1.32 g/kg. It indicates that the previously retrieved k l and that predicted using the fitted pigment mass fractions were in fair agreement despite the inverse method used to minimize their difference. For example, the relative error between k l,pred and k l for C. reinhardtii CC 125 at the absorption peaks of Chl a at 435 and 676 nm was 43% and 16%, respectively. For C. littorale, these relative errors were 36% and 25% at 435 and 676 nm, respectively. Similar results were obtained for the other strains of C. reinhardtii as well as for B. braunii and Chlorella sp. It is important to mention that Eqs. (1) and (4) are valid for a hypothetical slab of homogeneous and non-scattering microalgae materials for which the absorption coefficient is given by k l ¼ 4pk l =l. The present results suggest that these equations apply only approximately to heterogeneous and spherical or spheroidal microalgae.
Compatibility with T-Matrix method
The above analysis and results rely on the assumptions that the different microalgae can be treated as spherical. However, their circularity and aspect ratio were not exactly unity [3, 9] . To assess the validity and consequences of this assumption, the average absorption and scattering cross-sections C abs,l and C sca,l for C. reinhardtii CC 125 and B. braunii measured experimentally were compared with those predicted by the T-matrix method using the retrieved values of n l and k l . B. braunii was of particular interest because it featured the largest average aspect ratio of 1.333 and thus, was the most likely species to show large differences between experimental measurements and predictions by the T-matrix method. The predictions used (i) the average aspect ratio E ¼ 1:149 for C. reinhardtii CC 125 and E ¼ 1:333 for B. braunii, (ii) their equivalent diameter distribution f ðd s Þ shown in Figs. 2 and 3 , and (iii) their refraction and absorption indices retrieved using the Lorentz-Mie theory shown in Figs. 6 and 8 , respectively. The results show that accounting for the non-sphericity of microalgae via the T-matrix method had relatively small effect on both C abs,l and C sca,l for both species. In fact, the maximum relative difference between T-matrix predictions and experimental data for both C abs,l and C sca,l was 1.8% for C. reinhardtii and 3.9% for B. braunii. Similar or better results were obtained for the other species since their average aspect ratio was closer to unity when the Lorentz-Mie theory is valid.
Overall, the effective refraction and absorption indices n l and k l retrieved over the PAR for all species considered in the present study can be used in the Lorentz-Mie theory along with their size distribution to accurately predict their radiation characteristics.
Conclusion
This paper presented and used a methodology to retrieve the spectral refraction and absorption indices of various biofuel producing microalgae from experimentally measured average absorption and scattering crosssections between 400 and 750 nm. The microalgae were treated as spherical particles with equivalent diameter distributions calculated from experimentally measured major and minor diameter distributions. An inverse method was developed combining Lorentz-Mie theory as the forward method and genetic algorithm. The retrieved refraction and absorption indices were continuous functions of wavelength with apparent absorption peaks corresponding to those of in vivo Chl a and b. These optical properties can be used to predict the radiation characteristics of the species considered using Lorentz-Mie theory for a given size distribution.
Finally, the retrieved values of n l and k l between 400 and 750 nm for all microalgae considered in this study and shown in Figs. 6 and 8 are available in digital form online [75] or directly from the corresponding author upon request.
